INTRODUCTION
Accurate plant material identification is critical for advancing study of material culture, since an object's composition provides an insight into its origin, additionally revealing important cultural information such as human interactions and emigration pathways (Schaffer 1981; Jakes et al. 1994) . However, one of the main challenges for accurate identification of plant species in textile artefacts is the scarcity of distinct morphological features, evident from whole plants or individual leaves (e.g. leaf arrangement and shape), that remain once the plant is processed into a textile material such as fibre or leaf strips for weaving. Speciesspecific morphological characteristics of animal hair (e.g. medulla shape and size, cuticular scale pattern, Tridico 2009) often facilitate, if present, the identification of animal fibres from artefacts, although processing and ageing can limit identification to higher taxonomic levels (Tridico et al. 2014) . Processing and age of plant materials can likewise pose ongoing challenges for textile scientists, archaeologists, conservators and museums professionals, since processing of plant material for textile production frequently obscures macroscopic diagnostic features (Jakes et al. 1994) , and even microscopic features of different plant species can appear remarkably similar (Bergfjord et al. 2010; Haugan and Holst 2014) . magnitude of intra-specific variation and inter-specific overlap in these characteristics amongst plant species known to be used for Māori textiles production diminishes the potential identification power of even precise microscopic measurements. Similar problems with plant species misidentification is noted in European artefacts, where the narrow range of microscopic procedures applied, coupled with reliance on microscopic features long accepted as being typical (rather than diagnostic) of particular plant species (Haugan and Holst 2014), makes some previous positive identification of aged plant material questionable.
Textile plant species identification using microscopy requires maceration of a small sample of the textile in question (e.g. a fragment of fibre, processed leaf or stem) to release individual fibre cells for observation (The Textile Institute 1975) . The basic structure and range of morphological features typical of plant fibre cells are well recognised (Eder and Burgert 2010; Gibson 2012) , with Preston's (1974) microscopic observations of cell structure still the most thorough and insightful treatment. Variations in the basic fibre cell structure and features may be due to a number of factors including; taxonomic grouping, genotype, position within the plant (root, stem, leaf, fruit), age of the fibrous tissue, maturity of the individual cell, the growing conditions of the plant and the processing route used to transform the plant into a textile material (Preston 1974; Eder and Burgert 2010; Long et al. 2010) . The relative importance of these factors in determining final fibre cell dimensions is poorly understood. Despite this, the major microscopic features of fibre cells from common industrial textile plant species are considered well characterised (Luniak 1953; McCrone and Delly 1973; Catling and Grayson 1982) .
In an attempt to improve fibre identification from woven artefacts, a plethora of modern analytical techniques have been utilised including DNA (Hofreiter et al. 2001) , microcomputed tomography (µCT; Smith et al. 2013) and scanning electron microscopy (SEM; Cartwright 2013). However, access to specialised, and at times expensive equipment, and/or the professional training required to apply these techniques often restricts their application to a small percentage of cultural institutions with sufficient funding dedicated to such purposes.
Furthermore, in many instances, modern analytical techniques have proven limited in identifying the plant species comprising artefacts of interest (e.g. µCT identified 50% artefacts to species level, Smith et al. 2013 ; unidentifiable plant fibres by SEM from Cook Voyage Collections, Cartwright 2013). More recently, researchers have attained considerable success in plant species identification from individual fibre cells by revisiting a relatively inexpensive technique, polarised light microscopy (e.g. Bergfjord and Holst 2010; Skoglund et al. 2013) . Compared with standard light microscopy, polarised light microscopy (PLM) enables a greater range of fibre cell features and properties to be observed (e.g. crossmarkings, dislocations, crystals), due to the enhanced contrast possible with polarised light and the optical behaviour of the fibre cells when viewed with crossed polars and wavelength specific filters (wave plates or compensators, Preston 1933; Luniak 1953; McCrone 1999; Palenik 1999) . Systematic observation under polarised light of cell morphology, associated crystal morphology and cell birefringent properties (Herzog 1955; Ilvessalo-Pfäffli 1995;  Haugan and Holst 2013) may enable recognition of a suite of features typical of fibre cells of a given plant species (Bergfjord and Holst 2010; Haugan and Holst 2014) .
Whilst recent research has highlighted the discriminatory power of PLM techniques to identify plant fibres present in European artefacts, the technique had only been applied to bast fibres from dicot species belonging to taxonomically distinct families or genera (e.g. family, genus; flax: Linaceae, Linum; nettle: Urticaceae, Urtica; hemp: Cannabaceae, Cannabis); Bergfjord and Holst 2010; Bergfjord et al. 2012; Haugan and Holst 2014 (Scheele 2005) . Our study included harakeke specimens collected from a number of bushes valued by weavers (one named cultivar and three un-named phenotypes) to assess the potential variability in harakeke fibre cell characteristics. The potential influence of provenance and growing locality on ultimate fibre cell characteristics was also assessed for harakeke and kiekie by sampling from multiple harvest locations (Table 1) . Fibre aggregates were extracted by removing the margin and mid-rib from each leaf prior to removal of the epidermal layer from the upper surface, or in the case of kiekie and tī species, soaking for an extended period of time in water prior to extracting fibre aggregates (retting, Goulding 1971; Te Kanawa et al. 2006) . Single leaf samples were also obtained from two sub-species of wharariki/mountain flax, Phormium cookianum subspecies cookianum and P. cookianum subspecies hookeri.
Although wharariki is considered less common than harakeke in the production of woven objects (Goulding 1971), weavers were likely to use locally abundant fibre plants if preferred species were unavailable and thus species may be present in a number of museum objects previously assumed to be made of harakeke. To reflect the tendency for wharariki to be used as leaf strips rather than fibre bundles, fibre aggregates were not extracted. All samples were dried at ambient temperature (18°C) and in natural diffuse light before being stored in archival acid-free paper bags until further processing.
Sample processing
To obtain ultimate fibre cells from each specimen, 10 mm long sections of fibre aggregates or 10 mm x 5mm leaf samples were cut from larger samples and placed into individual 1.5 ml Eppendorf tubes containing approximately 0.8ml of 1.2% w/v sodium hypochlorite. Each capped tube was placed into a 60°C water bath for two hours, then samples were rinsed with distilled water. Each sample was then transferred into a new Eppendorf tube containing 0.8ml of distilled water and vigorously shaken (10-20 seconds) to separate the ultimate fibre cells.
Uncapped tubes were placed in a 40°C drying oven for 48 hours, then stored at ambient conditions (18°C) prior to observations using microscopy.
Polarised light microscopy
Five sub-samples of ultimate fibre cells were mounted on glass slides in distilled water (with cover slips) with a minimum of 10 ultimate fibre cells examined per slide from each individual leaf/plant/species (Table 1) . Fibres were examined under polarised light using a Olympus System Microscope Model BX41 fitted with a rotating stage and optional full wave compensator of wavelength 525nm. An integrated Canon EOS 1100D camera captured images using AxioVision software (Version 4.8.2.0 Carl Zeiss MicroImaging GmbH).
For each species, the fibrillar orientation was first observed (i.e. S-or Z-twist) using the Morphological characteristics of ultimate fibres were described using features illustrated by Ilvessalo-Pfäffli (1995) . In particular, the general fibre cell shape, surface markings (e.g. cross-markings, dislocations), lumen shape, fibre cell end shape (e.g. pointed, blunt, scimitarlike), fibre cell wall irregularities (e.g. scalloping, pits) and associated crystals (e.g. cuboidal or elongated styloids, raphides, Prychid and Rudall 1999) were described. The relative abundance of cell pits were also classified as low (Figure 1a Cruthers (2005-2007) were reported, with the exception of P. cookianum subspecies hookeri for which dimensions were assessed from 10 individual cells.
Birefringence was assessed by mounting groups of fibre cells from each plant species in a series of Cargille™ refractive index oils (Series A, Range nD 1.460-1.640, adjustment ± 0.0002; 20 ± 2 °C). The Becke line test (Becke 1893; Preston 1947 ) was used to determine n∥ and n⊥ refractive indices, from which the birefringence (∆n; n∥ -n⊥) and the isotropic refractive index (niso; 1 /3(n∥ + (2n⊥))) was calculated. Additionally, differences in n∥ and n⊥ refractive indices between fibre plant species of New Zealand and European origin were represented graphically (described from Luniak 1953).
Deposition of voucher specimens
Permanent reference slides of contemporary specimens prepared using Cargille Meltmount™ QUICK STICK (nD = 1.662) were deposited at Department of Applied Sciences -Clothing and Textiles, University of Otago, New Zealand; Otago Museum, New Zealand; Te Papa Tongawera National Museum of New Zealand.
RESULTS

General remarks
With the exception of kiekie, identification of fibre cells required multiple morphological and optical characteristics to be quantified due to similarities among multiple species. For example, fibrillar orientation (via modified Herzog test) was either Z-twist (5/7 species) or indeterminate (2/7 species; tī t ī, kiekie), and a positive SE was observed for five out of seven species, with the SE difficult to determine for tī t ī and the harakeke cultivar
Makaweroa. There was no observable relationship between the ease with which the fibrillar orientation was determined and the degree of extinction when fibres were aligned to the plane of polarised light. Pitted cell wall regions of kiekie and Cordyline species remained visible even when the remainder of the fibre cell reached extinction.
Kiekie was easily distinguished from all other species by a single distinctive characteristic, the presence of abundant cuboidal styloid crystals (Figure 2a) , a feature which remained consistent despite differences in provenance and growing location of the observed specimens.
Whilst cuboidal styloid crystals were only observed from kiekie specimens, other crystal shapes were noted from Cordyline species tī k uka (elongated styloid, conglomerate; Figure   2b ) and tī ngahere (raphide; Figure 2c ), and from harakeke Phenotypes 2-3. Crystals were not observed associated with ultimate cells of tī t ī, wharariki subspecies or the harakeke cultivar Makaweroa investigated in this study.
The general fibre cell morphology was similar among harakeke specimens, wharariki subspecies and tī ngahere, all of which tended to have long and slender cells with crossmarkings and dislocations (cross-markings/dislocations Figure 3) ; however the presence of moderately abundant diagonal elongated pits on tī ngahere cells differentiated tī ngahere from
Phormium species (Figures 1c, 3d) . Furthermore, the presence of cell wall swelling associated with dislocations on wharariki subspecies was useful for differentiating between
Phormium species (Figure 3b) . Elongated, diagonal cell wall pits were characteristic of all
Cordyline species and kiekie, with the abundance of pits ranging from moderate abundance in tī k uka and tī ngahere (Figure 1c-d) to high abundance in tī t ī and kiekie (Figure 1e-f ). Pits were rare or absent from all harakeke cultivars/phenotypes and wharariki subspecies examined.
Birefringence was highly variable for each New Zealand species; with a high degree of overlap in both n∥ and n⊥ refractive index variance (Figure 4) . However, all New Zealand species had a considerably lower n∥ refractive index in comparison to values for European fibre species reported in the literature (which are highly variable).
Fibre cell features
Specific results for each plant species examined in this study are provided below. 
DISCUSSION
This study has demonstrated that morphological and birefringent characteristics of fibre cells observed using PLM techniques are highly useful in discriminating among leaf fibres of indigenous New Zealand monocot plant species commonly used to produce Māori textiles.
The ubiquitous presence of cuboidal styloid crystals proved the single most useful diagnostic feature for identifying kiekie specimens, which shared many other morphological features with Cordyline species tī k uka and tī t ī (e.g. cell shape, pits). Preliminary studies by C. Smith et al. (unpublished) and J. Davies (unpublished honours thesis) also suggest that cuboidal styloid crystal presence in kiekie is not influenced by specimen age (+150 years) nor provenance, thus reinforcing the capability of this feature to correctly identify kiekie specimens. Whilst other crystal shapes were observed from tī k uka and tī ngahere (Cordyline species), there was great variability as to whether crystals would be observed when ~ 100-500 fibre cells were examined, thus the presence or absence of crystals has a low capacity for differentiating among other plant species. Furthermore, our results support previous findings that crystal presence in harakeke may be cultivar-and phenotype-specific (unknown cultivars, Table 1 ) is in direct contrast to Prychid and Rudall (1999) findings, which noted an absence of raphide and presence of styloid crystals in Phormium species.
Both the SE and fibrillar orientation were shown to have limited power to differentiate among New Zealand plant species, with most demonstrating both a positive SE and Z-twist.
However, the fibrillary orientation was consistently difficult to quantify from both highly pitted tī t ī and kiekie fibre cells, whereas a Z-twist was clearly evident from other less pitted
Cordyline species, tī k uka and tī ngahere. The ability to determine the SE of harakeke was highly dependent on cultivar/provenance (positive: harakeke Phenotypes 1-3; indeterminate:
Makaweroa), thus both measures have poor classification potential to differentiate Phormium species. Despite this, a number of fibre cell characteristics of harakeke differentiate this species from the fibre cells of wharariki and tī ngahere, the two species most likely to be confused with harakeke. In particular, harakeke's long, thin fibres, with absence/rare pits (abundance per cell; harakeke <2 vs. 20+ tī ngahere), frequent cross-markings and dislocations not associated with enlarged cell walls (a characteristic of wharariki), enable this species to be easily differentiated from otherwise similar species used in woven objects. Our study also demonstrates opposing fibrillar orientation between harakeke (New Zealand flax;
Z-twist if determined) to that of otherwise morphologically similar (in terms of cell shape, cross-markings and dislocations) European flax (Linum sp., S-twist; Haugan and Holst 2014).
Although determination of fibrillar orientation using the modified Herzog test has been mostly applied to bast fibres, the technique is potentially applicable to any fibre cell having microfibrils arranged in a helical structure within the cell wall (Valaskovic 1991) , including leaf fibres (e.g. sisal and abaca; Petraco and Kubic 2004) . However, the clarity of results obtained using this technique is dependent on the secondary cell wall structural characteristics, such as the number and thickness of cell wall layers (Valaskovic 1991) , and The usefulness of birefringence measures for distinguishing among New Zealand plant species was also low due to significant overlap in both n∥ and n⊥ refractive indices when intraspecific variation was accounted for. Such variation in refractive indices is rarely acknowledged in fibre identification literature, with a tendency to report mean values only (e.g. Wheeler and Wilson 2008; Goodman 2009; but see Luniak 1953) . This incorrectly suggests that a high degree of precision, and therefore discriminatory function, can be achieved from assessment of refractive index (although the need to sample adequately, condition fibres, control temperature and relative humidity and develop considerable skill with the technique has been described in earlier literature; Preston 1947 neither species has been previously mentioned in literature pertaining to Māori textiles, it is possible that "tī k uka" textiles from these regions may be composed from these locally abundant Cordyline species. Furthermore the genus Cordyline is represented by up to 10 additional species throughout the western Pacific which may also be represented in the collections of cultural institutions.
As current knowledge of species used in Māori woven objects largely originates from intergenerational knowledge transferred between weavers, it remains possible that knowledge has been lost in the use of plant species with restricted geographic distributions or with less favoured physical properties. Herein lies the importance of verifying the plant species from
Māori artefacts present in institutional collections worldwide, since such artefacts may hold the key to unlocking the hidden diversity of plant species used in the production of textiles, which are no longer in use by contemporary weavers. The need now is to determine whether the techniques outlined in this study provide superior characterisation of plant species composition than other analytical techniques (e.g. µCT, Smith et al. 2013; SEM, Cartwright 2013) and to increase confidence in species identification through wider sampling of phenotypic variation within each species. Future research also needs to determine whether customary dye treatments, commonplace in objects held within museum collections, alter the morphological and/or birefringent characteristics of ultimate fibre cells used to identify woven Māori objects.
This technique provides two important benefits in the context of plant materials identification in museum artefacts. Very small specimens of fibre aggregate or whole leaf (2-3mm long pieces) yield abundant quantities of ultimate fibre cells from which multiple species identification from single genera may be achieved. In a context where destructive and purposive sampling directly from artefacts is problematic, this sample size, coupled with the high confidence of accurate identification, is very appealing. The typical size of specimen required will neither alter the structural integrity nor aesthetic properties of most museum artefacts (for example raw internal woven edges of kete, or a frayed / abraded fibre of a kakahu could easily provide sufficient material for positive identification of the plant species in almost 100 percent of cases). While the use of already detached material for identification purposes is an appealing prospect in most museum contexts, the accuracy of the method described in this study, in conjunction with the small sample size required, show a way forward where direct sampling may become more acceptable to stakeholders. 
TABLES
